We investigate a class of theories where the mass of the lightest Higgs boson of the Minimal Supersymmetric Standard Model (MSSM) can be larger than the Z gauge boson mass at tree level. In this context the MSSM fields feel a new force, whose corresponding gauge boson attains its mass through the Stueckelberg mechanism. We show how one can achieve a Higgs mass around 126 GeV without assuming a heavy stop spectrum or a large stop trilinear term. The application of this class of models to the conservation of R-parity is also discussed.
I. INTRODUCTION
New experimental results from the Large Hadron Collider have questioned the existence of new physics relevant to the weak scale. In particular, the discovery of a neutral scalar with properties very similar to those of the standard model (SM) Higgs boson and a mass m h ∼ 126 GeV, has set strong constraints on the spectrum of physics beyond the SM, especially the Minimal Supersymmetric Standard Model (MSSM).
The friction between the Higgs boson discovery and the MSSM originates from the fact that the MSSM predicts an upper bound on the lightest Higgs mass at tree level. This bound is simply the Z gauge boson mass, 91 GeV. Large quantum corrections are then required in order to achieve a Higgs mass in agreement with the experimental measurements. These corrections require heavy stops or a large trilinear stop term, with somewhat lighter stops. See Ref. [1] for a recent review of the Higgs mass in supersymmetric models.
There are two scenarios beyond the MSSM, which allow a Higgs mass larger than the Z mass at tree level:
• F -term contributions: In this case, the MSSM Higgs interact with new fields which contribute to the Higgs quartic coupling through F -terms. There are three such possible sets of fields:
-The singlet,Ŝ ∼ (1, 1, 0), which couples aŝ SĤ uĤd . This scenario is referred to as the NMSSM or next-to-minimal supersymmetric SM. See Ref. [2] for details.
-The hyperchargeless triplet,Σ ∼ (1, 3, 0), which also modifes the Higgs couplings through the new interaction,Ĥ uΣĤd . For details see Refs. [3] [4] [5] [6] .
-Two Y = ±1 triplets,∆ ∼ (1, 3, 1) and ∆ ∼ (1, 3, −1), so that the superpotential now contains the new interactionsĤ u∆Ĥu andĤ d∆Ĥd . Not only do these fields contribute to the tree level Higgs mass but they also generates neutrino masses through the termL∆L. This is referred to as the type II seesaw mechanism. For a recent discussion of this scenario see Ref. [7] .
The NMSSM and the real triplet scenario only increase the Higgs mass when the ratio between the MSSM Higgs vacuum expectation values, tan β = v u /v d , is small. On the other hand, the enhancement in the Type II scenario can occur for any value of tan β and provides a connection to neutrino masses. Unfortunately, the introduction of triplets spoils the unification of the SM gauge couplings at high scales, if one assumes the presence of the desert between the weak and unification scales.
• D-term contributions: The introduction of new gauge symmetries, Abelian or non-Abelian, relevant for the Higgs bosons of the MSSM, modify the quartic terms of the Higgs fields and can, therefore, increase the lightest Higgs boson mass at tree level. Such new symmetries require a new Higgs sector, which is used to break the new symmetry at some scale above the weak scale. This type of mechanism has also been investigated by many experts in the field. See for example Refs. [8, 9] for details.
In this letter, a third, new, possibility is presented for increasing the Higgs mass at tree level beyond the Z mass. We introduce a new Abelian force which changes the MSSM Higgs fields interactions, as in the D-term case, but the mass of the new gauge boson is generated through the Stueckelberg mechanism [10] [11] [12] the conservation of R-parity and solve a second major issue present in the MSSM. This is possible when the new gauge symmetry is related to B − L. In this case, the new symmetry has a dual role: it can increase the Higgs mass and allow for the conservation of matter parity. This article is organized as follows: In section II we discuss the Stueckelberg mechanism for a simple Abelian extension of the MSSM, while in section III we discuss the Higgs and neutral gauge boson spectrum. Finally, we discuss the main features of this scenario and its dark matter possibilities.
II. THE STUECKELBERG MECHANISM
The simple extension of the MSSM investigated in this article is based on the gauge group
where U (1) X is a new Abelian symmetry, relevant for all the MSSM fields. The Stueckelberg extension of the MSSM has been studied in Ref. [13] for the case where the new symmetry is only relevant for the hidden sector, while a B − L Stueckelberg extension was studied in [14] .
We proceed by leaving the x charges of the MSSM particle content completely general, but allow for the µĤ uĤd term in the superpotential, requiring the x charge ofĤ u to be the opposite ofĤ d ,
While symmetry breaking in the SM gauge group is defined by the Higgs mechanism, the mass of the new U (1) X gauge boson is generated by the Stueckelberg mechanism. In this case, the relevant Lagrangian for this discussion is given by
where W X = −1/4DDDX is defined in the usual way, andX is the vector superfield associated with the new Abelian force. For simplicity, we neglect any possible Kinetic mixing between the Abelian symmetries. The kinetic terms for the MSSM Higgs fields are given by
where the SU (2) L and U (1) Y vector superfields are represented byŴ =Ŵ a σ a (σ a being the Pauli spin matrices) andB, respectively. Since the new gauge boson associated with U (1) X acquires mass through the Stueckelberg mechanism, an extra chiral superfieldŜ is needed. In order to set our notation we define the vector and chiral superfields aŝ
The Stueckelberg gauge transformations forX andŜ arê
These transformations allow the following terms in the Lagrangian
Notice that in this approach, only one chiral superfield, S, is needed to generate mass for the Abelian gauge boson. This can be compared to a typical Higgs mechanism, which requires at least two chiral superfields, due to anomaly cancellation, when the chiral superfields have a traditional gauge charge. Neglecting kinetic terms, in component form, Eq. (9) becomes
where the first term is the mass term for the new gauge boson and the last mixes the Stueckelbergino with the xino. The equation of motion for D X yields
where x φ is the U (1) X charge of φ, a scalar field. Substituting this into Eq. (12) and focusing only on the scalar potential yields
The last term in Eq. (12) is the regular D-term, while the middle term is due to the Stueckelberg Mechanism. This middle term mixes ρ with the MSSM Higgs fields once the latter fields acquire a vacuum expectation value (VEV). The combination of these two terms have important implications for the lightest Higgs mass. For more details on the application of the Stueckelberg mechanism to Abelian extensions of the MSSM, see Refs. [13, 15] . See also Ref. [14] for the application of this mechanism to the conservation of R-parity when the new symmetry is U (1) B−L .
III. THE LIGHTEST HIGGS BOSON MASS
Using the above interactions, the scalar potential for the neutral Higgs fields is
with
wherem 2 ρ is the soft mass of ρ. In our notation, the neutral MSSM fields are given by
The last term in Eq. (15) induces a VEV, v ρ , for ρ:
As will be argued later, since the MSSM Higgs fields have non-zero x charge, their VEVs will induce X-Z mixing. Such mixing is highly constrained by electroweak precision tests and will, therefore, force
The MSSM minimization conditions read as
where
Rotating away the zero mass photon and expanding in terms of v 2 /M 2 X yields the two massive eigenstates, Z and Z X with masses: The most model independent bound on M X comes from the ρ parameter, which constrains new contributions to the Z mass. Assuming g X x Hu = 0.4, the ρ parameters places the lower bound, M X > 1.5 TeV, at two sigma. This justifies our earlier assumption that M X v. As in the MSSM, there is one physical CP-odd scalar, A, with mass:
On the other hand, the CP-even scalar sector significantly changes due to the effects of the ρ field. In the basis (h d , h u , ρ), the CP-even scalar mass matrix reads as
Z , one can investigate the behavior of the MSSM Higgs masses when ρ is integrated out:
The factor multiplying sin 2 β in the 2-2 element of M 2 even is an upper bound on the lightest Higgs mass squared. Namely, these terms represent the product of the quartic coupling of the Higgs and the Higgs VEV squared. In the MSSM, this is simply 1/4 g
2 , the Z mass.
In this model this is extended by 1/4g
Hu v 2 times a factor that measures the splitting between the mass of ρ and it's mixing with h u . Wheñ m 2 ρ M 2 X , there is a strong mixing between h u and ρ that cancels out the positive contribution from the new quartic term. In the opposite limit, whenm 2 ρ M 2 X , this mixing effect decouples and one is left with the positive contribution from the new quartic term. Therefore, for a largem ρ , the tree-level Higgs mass can be increased beyond the Z mass. Then, the upper bound on the lightest Higgs mass in this model is given by
This bound is saturated in the decoupling limit, m
In order to numerically appreciate the impact of the Stueckelberg Mechanism on the Higgs mass, Fig. 1 displays the lightest Higgs mass versusm ρ for different values of tan β and assuming x Hu = 1, M X = 2.5 TeV, g X = 0.4 and m A = 500 GeV. As an example, with the parameters given in Fig. 1 , tan β = 10 andm ρ = 2.5 TeV, the Higgs mass is increased from about 89 GeV to 97 GeV, an increase of about 9%. trilinear term in the stop sector. These results are similar to the case where one uses the Higgs mechanism to give mass to the new gauge boson, but our model is simpler and guarantees that this symmetry is not broken.
The unbroken nature of the symmetry has interesting consequences for the conservation of R-parity. This connection can be realized when the U (1) X is a linear combination of weak hypercharge and B − L. In this theory, anomaly cancellation can be achieved by simply adding three generations of right-handed neutrinos, see e.g. [17] . Furthermore, it is well-known that this type of symmetry can be obtained from grand unified theories based on the SO(10) gauge group. In this case the R-parity violating termsLĤ
are forbidden by the presence of B − L and therefore Rparity is automatically conserved. This guarantees the stability of the lightest supersymmetric particle and that it can be a dark matter candidate in the usual way. See Refs. [14, 18, 19] for the study of dark matter candidates in models with the Stueckelberg mechanism. Such a scenario allows Yukawa couplings between the right-handed neutrinos and the SM neutrinos indicating that neutrinos are Dirac fermions.
IV. CONCLUDING REMARKS
While consistent with the MSSM, the recently discovered Higgs boson places some tension on the MSSM. This is because the MSSM requires heavy stops or a large stop trilinear term, with somewhat lighter stops, to reproduce the experimentally measured Higgs mass. Various extensions of the MSSM have been proposed to relieve this tension through either new F -term or D-term contributions to the tree-level Higgs mass. In this letter, we have proposed a new scenario to achieve this goal. Similar to the case of non-decoupling D-terms associated with a new Abelian gauge group, but here, the new gauge boson acquires mass through the Stueckelberg mechanism.
Because the Stueckelberg mechanism allows gauge boson to acquire masses without breaking their associated Abelian symmetry, it can explain the origin of R-parity conservation. This is possible when the new symmetry is related to B − L, because R-parity is a subgroup of B − L. It this way, the gauge symmetry can play a dual role of both explaining the conservation of R-parity and increasing the Higgs mass at tree level. Since this mechanism provides a solid foundation for R-parity conservation, it motivates the study of dark matter in this context. In particular, the superpartner of the right handed neutrinos can be a good spin zero candidate. We will investigate the experimental constrains for this scenario in the near future.
